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Development of 31P Nuclear Magnetic Resonance Methods
for the Studv of Phosphate Metabolisms in l coliand B. subtilis
Fabian M. Dayrit, Emilyn Q. Espiritu, Noreen Gonzalez, Nina Rojas, Jennifer

T. Aguilan, Antonio M. Basilio,

Edward T. Chainani, Enrico Cruz, and Bernadette Matanguihan
Department of Chemistry
Ateneo de Nfanila University
Loyola Heights, Quezon City

31P N:!:viR experiments were performed on Escherichia coli and Bacillus subtilis at various temperatures under aerobic
and anaerobic conditions. The total soluble intracellular phosphate concentration was estimated to be 2

x

10·17 mole/cell,

while intracellular orthophosphate concentration was around 1 x 10·17 mole/cell. Addition of glucose resulted in a
general decrease in intracellular pH and was accompanied by the formation of sugar monophosphates. The concentra
tions of soluble intracellular phosphates, both inorganic and organic phosphates, were estimated by integration versus
methylene diphosphonic acid (MDPA) standard. Although intracellular and extracellular orthophosphate could be ob
served, these appear to exchange rapidly on the NMR time scale.
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INTRODUCTION

Phosphorous play� an important role in biology, whether it
is in the form .of inorganic phosphates or metabolically im
portant organic (biological) phosphates. Phosphorous is es
timated to comprise about 0.5%of wet biomass. It is classi
fied as a macronutrient and plays a very important role in
metabolism, replication, and membrane structure.
There is considerable interest in the role of phosphorous in
cellular metabolism. Phosphorous-containing compounds
occur mainly as inorganic phosphates and biological orga
nophosphates. Inorganic phosphates are found in the bio
logical cell as orthophosphate or polyphosphates. Biologi
cal organophosphate derivatives are generally attached to
sugars (for example, glucose phosphates), nucleotide sugars
(for example, ATP and DNA), alcohols (for example,
phosphoenol pyruvte), carboxylic acids (for example, acetyl
phosphate), and lipids (phospholipids). Other less common
biological phosphorous compounds include: phosphonates
(phosphonic acid derivatives) and phosphodiesters (cyclic
phosphates).
It is well known that bacteria continuously adapt to their
environment. For example, the presence of 02 has been
shown to regulate cellular metabolism in facultative anaero-

bic bacteria, such as E. coli, where a great variety of genes
are activated positively or negatively [ l]. One of the ele
ments for which bacteria have developed a high sensitivity
.
for is phosphorous. It has been found that the phosphate
equilibrium in E. coli is regulated by Pi input from the sur
rounding medium [2-4].
By the very complex chemical nature of biological systems,
it is often difficult to carry out direct spectroscopic measure
ments of the cell. However, by taking advantage of the abil
ity of NMR to selectively observe specific nuclei, it is pos
sible to understand biochemical processes in greater detail
[5]. The ability to study phosphorous metabolism in vivo
has become an important research tool. In 1973, Moon and
Richards pioneered the use of31P NMR for the study of me
tabolism in whole rabbit blood. They observed signals due
to inorganic phosphate and a number of organic phosphates
such as 2,3-diphosphoglyceric acid, phospholipids, and ATP.
A wide range of biological samples have been studied by 31P
NMR including bacteria [6], algae [7-8], plant cells [9],
immobilized cells [10], isolated organs and whole animals
[11]. NMR is now considered as a valuable and unique
method for the study of metabolism in biology.
,

The 31P NMR method has a number of unique features, which
make it particularly attractive for the study of metabolism in
microorganisms. Because NMR is non-destructive, cells can
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be observed as they are actively metabolizing. Thus, dynamic

ning mode. Two pulse programs were used: a single pulse

cellular processes can be observed. Only soluble phospho

mode (identical to a standard 1H measurement) and a 1H

rous compounds are observed, such as inorganic phosphates

broadband decoupled single pulse mode (identical to a stan

(orthophosphate and polyphosphates) and low-molecular

dard 13C measurement). Spectral width was about 20 kHz

1024 which was zero

weight organic phosphates. Signals from macromolecules,

and the number of data points was

such as, cell wall immobilized phospholipids, phosphates

filled to 2048 giving a spectral resolution of about 10 Hz.
The pulse angle used was 67°, with a pulse delay of 3 sec

in DNA, etc., are not observed. '

onds. The purpose of the relatively longer pulse delay was

NMR.

to ensure that the magnetization of the MDPA standard is

methodology. Because NMR. is an inherently insensitive tech

fully relaxed between scans. The number of accumulations

There are, however, a number of limitations of the 31P

nique, a high concentration of cells is needed to obtain good

varied from 70 to 500 times, with a total accumulation time

signals. If a high cell concentration is not possible, a larger

of 3.5 to 10 minutes. FIDs were processed using an expo

number of scans may be accumulated but the disadvantage

nential window with a line broadening of 10 Hz.

is the need for longer experiment time and the correspond
ing poorer time resolution (time-averaged spectra). There

terium lock were provided by dissolving methylene

NMR. signal, such as the dynamic flow of compounds in

diphosphonic acid (MDPA, 0.54 M or 0.10 M) in Dp or

the cell and the possibility that mobility of compounds is

methanol-D 4 and placing this solution inside a capillary

less than would be observed in an ideal solution. As a result,

which was held in place in the center of the 10-mm

the line widths of 31P signals in bacteria are wide resulting

tube a Teflon plug which had a hole drilled in the center..

the

in poorer resolution of 31P signals, and severe overlap of
·

NMR: 31P Reference. The phosphorous reference and deu

in vivo that tend to complicate

are a number of conditions

signals. Despite these difficulties, 31P

NMR. offers a unique

NMR.

The chemical shift position of MDPA was experimentally
determined to be+18.97 ppm vs. 85% �P04.

and powerful approach for the observation compounds in
microorganisms

in vivo.

NMR: 31P Standards. The following phosphate standards

were made up to a final concentration of 10 mM in the 10-

NMR. tube: ATP, ADP, AMP, glucose-1-phosphate, or

In this paper, we report on the development of a method for

mm

the study of phosphorous metabolism in microorganisms (E.

thophosphate, and polyphosphate.

coli and B. subtilis) using 31P NMR..
NMR: pH versus 31P Chemical Shift. Nine KHl04 solu

tions, each about 20 mM, were prepared. The pH values of

EXPERIMENTAL

the phosphate solutions were adjusted by addition ofNaOH
Strains. E. coli UP CC195 and B.

UP Culture Collection,

subtilis were obtained from

UP Diliman. The organisms were

maintained at 4°C on slants containing Luria-Bertani (LB)
agar.

cally into 1200 mL LB broth and were grown at 37°C, aer
ated by shaking at

80 rpm for 18 hours. The culture was

then cooled in an ice bath. The cells were harvested by cen
trifugation for 5 minutes at 6°C and were washed twice with
an equal volume of phosphate buffer (lOmM Na2HP04,
10mM

NMR. spectrum of each solution was

determined at 8°, 20° and 29°C vs. MDPA.
31P NMR Analysis of Bacteria. The bacterial cells were fil

Media and Growth. The bacteria were inoculated asepti

pH

(1.0 M) at room temperature and the pH was measured witll
a pH meter. The 31P

KHl04,

50 mM MES, 50 mM Tris, 85mM NaCl at

7.3). The cells were then resuspended in the same phos

phate buffer medium. The cell concentration was determined

600 nm, at which wave
OD unit corresponds to 0.8 x 109 cells/mL.

by reading optical density (OD) at
length l

Alternatively. cells were resuspended using any of the fol
lowing three variations: distilled water; Tris-HCl; 8.5mM
NaCl, 18.7

mM NH4Cl, 0.1 mM CaCl2, and lOmM MgC12•

NMR. experiments were performed using a
JEOL Lambda 400 (9.4 tesla magnetic field) witl1 a stan
dard 54 mm bore and a 10-mm tunable probe. 31P were ob
served at 161.70 MHz. The bacteriae suspension were placed
in a 10-mm NMR. tube. Spectra were taken in the non-spin-

NMR: General.
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tered, washed thrice and resuspended in ca. 5

mL in tlle

appropriate medium and then transferred to the 10 mm NMR.
-

tube. The bacteria were kept in an ice-bath during this en
tire procedure. The

NMR. experiments were started as soon

as possible to minimize aging of tlle bacteria. Experiments
were carried out at various temperatures as indicated in tlle
individual experiments. The atmospheric condition in the
10-mm

nmr

tube was controlled by bubbling filtered N2 or

air (Fig. 1.)

RESULTS AND DISCUSSION
Experimental Determination of 31P Chemical Shift of
Othophosphate versus pH. In principle, all ionizable phos

phates exhibit a pH dependence in their 31P chemical shift
because of acid-base equilibria. The chemical shifts (31P, ppm)
of orthophosphate were measured from pH

4.64 to 9.00 at

around 0.5 pH unit intervals. The pH conditions and ob
served 31P chemical shift positions are plotted in Figure

2.

The plots of pH versus 31P chemical shift at the three differ
ent temperatures all show very similar sigmoidal curves. The
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The temperature of the sample culture in the
probe was within ±0.1°C of the temperature setting.
air.

differences in 31P chemical shift ranged from 0.0 ppm to

0.13 ppm. This indicates that there is a small dependence of
the pH on temperature.

The maximum slope was obtained from pH 6 to 8. Since this

is the range of pH values expected for biological systems, this

makes the chemical shift of inorganic phosphate specially

suited for the determination of the pH of biological systems.

The following curve-fitting equation for a sigmoidal curve

1n

( ( -2.36686)

co- 3.0411)

pH

6.00

8.00

10.00

phate vs. pH at 8°, 20°, and 29".

for addition of reagents and bubbling of nitrogen or

{

4.00

Fig. 2. Plot of experimental31P chemical shift of orthophos

Fig. 1. Illustration of the 10-mmNMR tube with attachments

was obtained:

2.00

)

-1

Organic Phosphates: pH Dependence of 31P Chemical
Shift. A cell contains numerous phosphorous-containing me
2

tabolites. These include organic phosphates (ROP0 - ), or

3

ganic diphosphates (ROP02-0P0 -3), organic triphosphates

3

diphosphates (ROP02-0P02-0P0 -4),

3

and organic

phosphonates (RP0 -2). These organic phosphates exhibit pH

3

dependence because they are ionizable (i.e., they possess Ka
values). In addition, the diphosphates and triphosphates (e.g.,

+

ADP, and ATP) may exhibit chemical shift effects due to the
2

presence of chelating cations such as Mg+2 or C a

[ 13].

It is necessary determine the chemical shifts of such com

pounds in order to assign the signals obtained in the 31P

NMR spectrum of bacterial cultures. Table 1 shows the

chemical shifts of the following compounds in water snd in
the presence ofMg+2: ATP, ADP, AMP, glucose-1-phosphate,

x

}

0.45206 + 7.0750

and orthophosphate.
=

pH(calc)

Equation 1

Table 2 summarizes the changes in 31P chemical shifts for

the phosphorous nuclei in ATP, ADP, AMP, glucose-1-phos

phate, and orthophosphate (Pi) between soc and 25°C un-

Alternatively, if one knows the pH of the solution, one can

calculate the 31P chemical shift, 8:

Table 1. Experimental 31P assignments of organic
phosphates in water at 25°C and upon addition

(-2-36686)
)+ 3.04ll=o(ca/c
)
(pH - .075 0)
] +1
7
p
0.45206

of MgC(z. Chemical shifts are referenced versus MDPA.
Chemical shifts are rounded off to the nearest
0.1 ppm unit.

[ex

Phosphate

Equation 2
An exponential line-broadening factor of 10Hz was applied

to the 31P spectra to decrease the noise in the spectra. This

gives an uncertainty of ±0.062 ppm in the position of the 31P

peaks. This contributes an uncertainty of about 0. 05 pH unit.

In practice, because of the broadness of the 31P signals in the

bacterial sample and the 10 Hz line broadening used, the
precision is ±0.1 pH unit [12].

compound

ATP,

�

ex

y

ADP,

�

AMP
G-lP

ex

ltp,
ppm

Difference

(+MgCh)

ppm

-10.5
-10.0

-10.5
-9.7

0.0
+0.3

0.9
-0.6

0.9
-0.6

0.0
0.0

llp,
ppm

-2 1.6
-10.6
-10.0

- 22.4
-10.7
-10.1
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Table 2. Differences in

31
P chemical shifts at 8°C

Trend:

+

and 25°C under various pH conditions, in5 mM M ,( :
B(25°C) - B(8°C). Chemical shifts are rounded off

I
1

pH5.6->

<--pH9.0

o�----�5

PP��

-�to____�
-ts � z
-o
___
,,s
,
--�

_____

(Po.i'

Sugar

to the nearest 0.1 ppm.
Phosphate Differences in

31

P ch�mical shift, ppm, between

8°C and 25°C in the presence of5 mM MgCI2
pH= 4.3

ATP , �

+0.1
0.0
-0.1

+0.2
0.0
-0.1

0.0
+0.1
0.0

0.0
+0.1
+0.1

0.0

�

-0.4

0.0
-0.1

+0.1
0.0

+0.1
+0.1

AMP

0.0

-0.1

0.0

0.0

G- l P

-0.1

-0.1

0.0

+0.1

pi

0.0

0.0

0.0

+0.1

a
y

ADP ,a

Acctvl PhOSPhate

pH= 5.2* pH= 6.3* pH= 7.8*

*pH calculated from chermcal shift of morgamc phosphate, Pi. usmg equation 1.

der various pH conditions, in 5

mM Mg2+. The biggest ef

fect of the addition ofMg2+ is observed in the

p phosphate of

AMP-5'-P
ADPa

W.

;=

�%2

ATPa
B
ppm: +5

0

-5

-10

-15

-20

!5

Fig. 3. Range oj31P chemical shift values (ppm) for the vari
ous phosphorous compounds within the pH range 9. 0
to 5. 6. Chemical shifts were calcul ated from
Robitaille and co-workers [12] and our stand ard
values.

Robitaille, et a/. by using equation 3 to generate a pH vs.
chemical

shift plot for inorganic phosphate, Pt In general,

ATP. This is consistent with previous observations on the

our experimental data agree well with literature values. Fig

effect of added salts on 31P chemical shifts of various phos

ure 3 gives the range of expected values for the various meta

phates in nucleic acids [13]. Only minor changes in chemi

bolic phosphates within the pH range 9.0 to 5.6.

cal shift were observed for ADP,

AMP, glucose-1-phosphate,

and orthophosphate. Data obtained from various experiments
also show that temperature does not have a significant effect
on 31P chemical shift.

Quantitation of Inorganic Phosphate versus MDPA Stan
dard. Using the known concentration of the MDPA stan
dard (0.54 M or 0.10M); it is possible to estimate the con
centrations of the various phosphates in the biological

Robitaille and co�workers [12] determined the pH-depen

sample. However, the accuracy of this method is limited by

dent chemical shift behavior of a large number of phospho

the following:

rous-containing metabolites, including inorganic phosphate,
phosphomonoesters (e.g., s u g a r m o n ophosphates),
phosphodiesters

(e.g., sugar diphosphates), and nucleotide

phosphates (e.g., ATP, ADP, and AMP). Assuming a single
pKa [HA � H+ +A-], they proposed the following equation:

Mobility of the Compound. The relaxation time of the

•

nucleus is determined by its NMR correlation time, a condi
tion that is related to the mobility of the compound in ·solu-

Table 3. Table of values used for the calculation of

31
P

chemical shift of organophosphates under various pH
conditions using equations 3 and 4 [12].

Equation 3

Beale is the calculated 31P chemical shift (in ppm) of
the phosphate compound at the pH of the solution, 81 and 82

Compound

Bt

82

Dihydrogenphosphate (H2P04')

0.66

3.18

7.05

are the chemical shifts of the acid and conjugate base, re

Acetyl phosphate

-6.30

-1.54

4.68

spectively, and pKa is the acid dissociation constant. Equa

D-fructose-1-P

0.67

4.15

5.92

1.09

4.46

6.06

-0.57

3.00

6.04

D-glucose-6-P

1.35

5.03

6.03

Phosphoenol pyruvate

-3.61

O.Ql

5.74

AMP-5'-P

0.87

4.41

6.11

a

-10.45

-9.69

6.00

-9.88

-5.36

6.03

a

-10.59

-10.16

5.61

-21.91

-20.38

5.77

-9.88

5.11

5.97

where:

tion 3 can be rearranged into the following form:

[&bs-b'l]
,
pKa+ log
[ 82-&bs]

=

pH(calc)

Equation 4
Table 3 presents some of the experimental values for

81, 82,
and pKa which were given by Robitaille and co-workers [ 12].
We can compare our own experimental results with those of
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D-fructose-6-P
D-glucose-1-P

ADP,

p

ATP

p
y
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E. coli, Tris-HCL +N2: 8C, 20C, 37C (091298-1. -2, �3)

tion. Compounds which have a high molecular weight, or
those which are partially aggregated or attached to macro

I

molecules give erroneous integration or may not be detect

I

able by MvfR . On the other hand, mobile small molecular
weight compounds can be quantified by integration.
•

NMR Relaxation Time. In order to ensure accuracy of

the integration, in particular for a heterogeneous sample such
as biological systems, the pulse delay should be set to ensure

complete relaxation of both the rapidly relaxing and slowly

relaxing constituents. In our system, the pulse delay was set
to 3.0 seconds to ensure relaxation of the MDPA reference.
•

NMR Exchange. Rapidly exchanging sites yield an aver

aged spectrum and can result in broadened peak shapes. This

leads to inaccuracies in integration.
•

37SlC
pH=78

lnltl•l,

10

Fig.

The accuracy and precision ofNMR integration is directly

dependent on the signal-to-noise ratio. In metabolizing bio

logical systems, signal-to-noise is sometimes a major limi

tation.
•

In biological systems, the accuracy of integration is lim

ited by overlap of 31P signals.
31P

NMR

Spectra of E. coli and B. suhtilis.

Because of the

inherent low sensitivity of Mv1R, the bacterial cells have to

be ·present at concentration higher than what is normally
obtained in a suspension culture

4a. E. coli cell density: 4.13 x10 11, MDPA: 0.54 M
Conditions: N2 bubbled into NMR tube, used Tris
HCl buffer, no phosphate buffer. (run: 091298)
Top: 31P NMR spectrum at initial culture conditions,
8. 0°C. Cellular pH is 8.0.
Middle: Spectrum after culture is warmed to 20.0°C.
Cellular pH is 8.0.
Bottom: Spectrum after culture is warmed to 3 7. 0°C.
Cellular pH is 7.8.

(> 1011 cells/mL).

This is

E. coli, Tris, 8C, N2: Initial; +KH2P04 (I M, 30
Initial,
$
s•c-+2o·c-+37"c ....s·c .t
I
pH-e.o

over 100 times more concentrated than the usual cell sus

N

�

p;

uL); 8-+37-+8)

o> N

71

pension culture. Therefore, it was necessary to develop the

procedures to prepare the bacterial sample at such high cell

_5

density, and at the same time ensuring that the bacteria are

I

__,.....
I _10 I

I

I

I _15 I

I

I

m

in the proper phase of growth.

Figures 4 and 5 are typical examples of the 31P Mv1R spec

tra. The 31P chemical�hift of orthophosphate, Pi, is used to

determine pH. The precision of the pH correlation is ±0.1

-5

10

·1 5

-10

ppm

pH=7.4

pH unit. The integration is based on the signal of the refer

ence (MDPA) being assigned as 100%. The integration val
ues have a precision of ±10%.

Figure 4a shows tl1at the 31P Mv1R spectra of E. coli do not

0

I

I

I

_5

I

I

I

I -IO I

I

I

I _15 I

i

I

I ppm

vary significantly from 8 to 37°C. Upon addition of�PO4

E. coli cell density: 4.13 x1011, MDPA: 0.54 M
N2 bubbled into NMR tube, used Tris
HCI buffer, no phosphate buffer. (run: 091298) Con

two major peaks are observed. These are assigned to Pi(in)

tinued from Figure 4a.

(Figure 4b, middle spectrum), the spectrum broadens and
and Pi(out). The

'pH

values inside and outside the cell are

7.9 and 7.2, respectively. Upon standing (Fig. 4b, bottom
spectrum), the orthophosphate peaks coalesce.

Figure 5 shows the 31P Mv1R spectra of B. subtilis at 15°C.

Addition of glucose significantly increases the amount of

sugar phosphate in the cell (compare top and middle spec

tra). Addition ofKHl04, however, did not give two sepa

rate orthophosphate signals, indicating that exchange of in

Fig.

I

4b

.

Conditions:

Top: 31P

NMR spectrum after cycling the tempera
8� 20 � 37 � 8°C. Cellular pH is 8. 0.
Middle: Spectrum after addition of 30 !.tL of 1.0 M
KH?04 at 8. 0°C. Two Pi peaks are observed: inside
and outside. Cellular pH is 7.9; external pH is 7.2.
Bottom: Spectrum after culture is warmed to 37°C
and recooled to 8°C. T he two orthophosphate sig
ture:

nals have coalesced. Average pH is

7. 4.

side and outside orthophosphate is rapid.
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B. subti/is,

15C, air: salts in Tris-HC1 (-2); +G1u ( 3) ; +KH2P04

i�o:�z

pH=7 fi
(MDPA: 0

Pl
ll

Concentration of Soluble ,Intracellular Phosphates.

-

+Salts In Trls-HCL
M)

:1;
(m)

''

�

The

concentration of soluble intracellular phosphates can be es

j

timated from the integration of the various 31P signals and
the cell concentration ( cells/mL) under initial conditions
under phosphate-deficient conditions (Table 4). Preliminary
data obtained from these experiments indicate that the con
centrations of total soluble phosphorous compounds and
orthophosphate are about 0.006 M and 0 .004 M, respec
tively. Using the data on cell density, the estimated concen-·
tration of total mole phosphorous per cell and total mole

+KHzP04(l.O M, 10 uL)

orthophosphate per cell are 2 x I0-17 and

pH,.63

tively. These estimates are order-of-magnitude figures and

t5.o"c

1

x I0-17, respec

they are dependent on the conditions of the experiment. For
I

I .j I

I

I

I _10 I

I

I

I _15 I

I

I

I _20 I

I

I

I ppm

Fig 5. B. subtilis cell density: 1.78 x10n, MDPA: 0.10M
Conditions: Air bubbled into NMR tube, used Tris
HC! buffer, no phosphate buffer. (run: 020999)
Top: 31P NMR spectrum of culture at initial condi
tions. Temperature: 15. 0°C. Cellular pH is 7. 8.
Middle: Spectrum after addition of100 � of 1. 0 M
glucose at 15. 0°C.
Bottom: Spectrum after addition of 10 � of 1. 0 M
KH�0 4 at 15. 0°C. Only one orthophosphate peak
is observed. Average pH is 6.3.

comparison, the intracellular solution of the mammalian cell
has been reported to have a Pi concentration of 0.05 M

(14).

CONCLUSION
NMR is a unique method for studying various metabolic
characteristics of the cell in vivo. 31P NMR, in particular,
offers a facile way of determining intracellular pH and for
measuring· the concentration of soluble phosphorous-con
taining cellular components. The major observations from
this work are summarized are follows:
1. In E.

coli and B. subtilis, the concentration of total soluble

A number of observations can be made from the various 31P

phosphorous compounds and orthophosphate are about 2 x

NMR experiments:

I0-17 and 1 x I0-17 mole per cell, respectively.

l. Pi (in) and Pi (out) can be observed at a sufficiently low

2. Addition of glucose to the culture causes a decrease in

tempe_rature, but if allowed to stand, the two signals merge

cell pH and an increase in sugar monophosphates. At 3.0°C

due to exchange giving only one observed 31P signal for Pi.

and below, glucose metabolism is very slow; no increase in

However. if the system is allowed to equilibrate, the two

signal of sugar monophosphate is observed.

peaks coalesc�. This suggests that equilibration between Pi
(in) and Pi (out) is occurring which is rapid on the nmr time

3. Immediately after addition of

scale giving only one averaged 31P signal for Pi.

ficient medium, two orthophosphate signals can sometimes

2. Under aerobic conditions, a relatively larger concentra

be observed; these are assigned to PiCin) and Pi(out)' If the sys
tem is allowed to stand, the two peaks coalesce indicating

KHlO4 to a phosphate-de

tion of organic phosphates is observed.

rapid exchange of Pi(in) and Pi(out)' Under conditions where

3. Upon addition of glucose, there was a significant increase

around 1 x 102 s·1• Under conditions of rapid exchange, the

both peaks are observed, the exchange rate is estimated to be

observed in the intensity of signals centered around 4.89

exchange rate is be estimated to be greater than 6 x 103 s·1•

and 1.24 ppm assignable to sugar monophosphates.

Table 4. Preliminary estimate of the concentration of intracellular phosphorous
as total phosphorous and inorganic orthophosphate, Pi. Estimates are inade
for initial bacterial samples in phosphate-deficient media.
Experiment Integration vs.
MDPA
P(total)
P04
E.

Soluble P
Cell
P concentration
mole/cell (calc)
density
M, (calc)
Pi
[Pi] (cellslmL) P(total)
P(total)

coli
082998

95.6

57.06

0.0069

0.0041

4.1E+ll

l.7E-17

l.OE-17

091298

80.09

37.61

0.0058

0.0027

4.1E+11

1.4E-17

6.6E-18

112698

61.36

4.0E+11

l.lE-17

1.8E+11

2.3E-17

0.0044

B. subtilis
020999
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109.22

0.0041

0.0016

9.0E-18

Development of 31P Nuclear Magnetic Resonance Methods for the Study of Phosphate Metabolisms in E. coli and B. subtilis

The results reported in this paper clearly demonstrate the

15

6. Ugurbil, K., Shulman, R.G., and Brown, T.R. In Biological

unique potential that NMR has for studying biochemical pro

,
Applications ofMagnetic Resonance. (Ed. by R.G. Shulman).

cesses in vivo.

Acad. Press, NY (1979).

7. Mitsumori, F. and Ito, 0. FEES Lett. 174,248 (1984).
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